Introduction
Recently solid oxide fuel cells (SOFCs) have received strong interest because of their potential for highly efficient energy conversion, high power density as well as their fuel exibility. Applications include combined power and heating systems (CPH) and auxiliary power units (SOFC-APUs), and current cells typically operate at temperatures between 800 and 1000 C.
Many research activities focus on lowering these operating temperatures, thus avoiding unfavorable side reactions of the materials. 1,2 However, it remains a challenge to nd suitable intermediate temperature cathode materials for efficient catalytic reduction of oxygen followed by fast ionic transport to the electrolyte. One promising cathode material for such intermediate temperature SOFCs (500-600 C) is Sr-doped LaCoO 3 (LSC), as it offers both mixed ionic-electronic conductivity and acceptable catalytic activity for the oxygen reduction.
3,4
However, degradation of the electrochemical kinetics may occur and is most likely correlated with changes of the electrode surface. So far different techniques based on electron (auger electron spectroscopy) and ion (secondary ion mass spectrometry) bombardment as well as X-rays (X-ray photoelectron spectroscopy) revealed surface composition changes of perovskite-type materials, such as (La, Sr)MnO 3 , 5-7 (La, Sr)(Co, Fe)O 3 (ref. [8] [9] [10] [11] [12] [13] and Sr(Ti, Fe)O 3 (ref. 14 and 15) , upon elevated temperatures or polarization.
In particular, Sr enrichment was identied and directly linked to a severe decrease of the oxygen reduction reaction activity. 8, 9, 12, 13, 16 However, the underlying mechanism for the Sr segregation is not fully understood and fundamental questions are still under debate: 17, 18 what is the dominant driving force for Sr segregation in thin lms? Which steps of the oxygen reduction reaction are hindered? Can this effect be avoided? Further high quality measurements are inevitable to deconvolute the complex interrelationships of cathode materials' microstructure, bulk and surface chemistry and electrochemical properties. Recently, we introduced a novel method to gather quantitative results on the composition of the near-surface region of La 0.6 Sr 0.4 CoO 3Àd thin lms:
12 an in situ solid phase extraction system based on chemical etching was coupled with an inductively coupled plasma-optical emission spectrometer (ICP-OES) giving the advantage of on-line cation quantication by a simple liquid standard calibration.
In this contribution, we rst describe how this method can be further improved by using different solvents. Then we apply this technique to analyze cation surface segregations of La 0.6 Sr 0.4 CoO 3Àd thin lms of different thicknesses and correlate the results with electrochemical lm properties. Conclusions on the chemical composition of the surface and bulk are drawn. Moreover, on-line in situ ICP-OES analysis proves to be a useful method for analyzing open nano-porosity and can be an efficient alternative to ellipsometric porosimetry 19 or high resolution electron imaging techniques 20 combined with a rather time consuming evaluation of the images for surface area calculations. 21, 22 In the context of this work the importance of geometrically well-dened electrodes for electrochemical investigation 23 is again emphasized and consequences are pointed out when this prerequisite is not fullled.
Experimental

Thin lm preparation
Targets for deposition of LSC thin lms by pulsed laser deposition (PLD) were obtained from powders prepared by Pechini synthesis.
24 La 2 O 3 , SrCO 3 and Co powders (all Sigma Aldrich, 99.995%) were individually dissolved in nitric acid and mixed in appropriate ratios. Citric acid (TraceSELECT®, $99.9998%) was added for chelation. A calcination step was performed at 1000 C, followed by isostatic pressing ($150 MPa) of the powder to a pellet and a sintering procedure at 1200 C for 12 hours in air, thus yielding a LSC target for PLD. The target composition was determined from a deposited thin lm, which was completely dissolved in 0.12 mol l À1 hydrochloric acid and analyzed by non-dynamic ICP-OES. . Ablation of the target material was carried out by a KrF (l ¼ 248 nm) excimer laser (Lambda COMPexPro 201F) operated at a pulse repetition rate of 5 Hz, a pulse duration of 50 ns and a laser uence of approximately 1.5 J cm À2 at the target. The substrate temperature was 450 C according to a pyrometer (Heitronics KT19.99) with the emissivity of YSZ being set to 0.9 for the pyrometer-relevant wavelength range of 9.6 to 14.1 mm. The atmosphere during deposition consisted of 0.4 or 0.04 mbar oxygen, respectively (the resulting samples are abbreviated "450 0.4
" and "450 0.04 " in the following). The target-substrate distance was varied between 5.2 and 6.2 cm depending on the atmosphere -lower partial pressure led to a larger plasma plume and thus to a larger targetsubstrate distance. Aer deposition, thin lms were cooled in the deposition atmosphere at a cooling rate of 12 C min À1 to avoid crack formation. The LSC thin lm thickness was varied by simply adapting the deposition time (pulse count).
Electrochemical characterization
Circular LSC microelectrodes of 200 mm diameter were fabricated by photolithography and subsequent chemical etching (0.24 mol l À1 hydrochloric acid) of the thin lms. 12 For the impedance measurements, an alternating voltage of 10 mV (rms) was applied between a microelectrode and an extended counter electrode made from the same LSC lm. Any contribution of the counter electrode to the total electrode resistance could be neglected because of its 500-fold larger electrode area. The impedance was measured by a Novocontrol Alpha A High Performance Frequency Analyzer in the frequency range from 10 6 Hz to 10 À1 Hz with a resolution of ve points per decade. All spectra were recorded at an oven set temperature of 600 C in air atmosphere. For a more detailed description of the measurement setup see ref. 25.
Chemical characterization
The near-surface composition of the LSC lms as well as their bulk composition was determined by continuous analysis of the eluate resulting from chemical etching. The schematic procedure for the standard calibration and the actual thin lm analysis is shown in Fig. 1 (ICP-Multi-Element Standard, Aristar®), Co and Sr (both Plasma Emission Standard, Prolabor®) was injected into a sample loop with 333 ml volume, whereas the Mn and Cu spiked solutions were redirected to the Apex E. Once the tube was lled completely with the standard solution, the six-port valve was switched (l.h.s. measurement position (red)). The measurement started and the tube content was pushed into the sample introduction system of the ICP-OES.
Geometrical and microstructural investigation
Atomic Force Microscopy (AFM) was performed on LSC thin lms to analyze the sample topography and to calculate the surface roughness. A Nanoscope® V multimode setup was utilized in tapping mode, equipped with silicon tips. In general, a scan rate of 2 Hz and a resolution of 512 Â 512 pixels over a scan area of 1 Â 1 mm 2 were chosen. The collected data were evaluated and plotted by Bruker's NanoScope Analysis 1. 3 Results and discussion
In situ ICP-OES on-line analysis: identication of the water soluble surface phase
An in situ ICP-OES on-line analysis technique using 0.06 mol l
À1
hydrochloric acid was already shown to be applicable for investigation of the cation composition of near-surface regions in LSC thin lms. 12 Here we rst demonstrate how to improve the method by exchanging the eluent and/or the eluent concentration and therefore manipulating the solubility of different solid phases. In Fig. 2 an ICP-OES etching prole of a freshly deposited 450 0.4 LSC thin lm of approx. 160 nm thickness is displayed. During the etching and analysis procedure the eluent was switched several times without interrupting the continuous eluent ux. Fig. 2 (top) shows the cation concentration extracted by the different eluents plotted vs. the sum of all the cations detected from the beginning of the measurement (total cation amount). The dominating eluent etching the LSC thin lm is also highlighted. An overlap of the different eluent regimes is unavoidable, even for an instantaneous change of the eluent ux from H 2 O to 0.012 mol l À1 hydrochloric acid (and back). It takes a certain time to completely ush out the previous etching reagent and solute due to wall friction of the tubes and turbulent uxes in the etching compartment. This is sketched in the top part of Fig. 2 but the exact eluent composition during that transition is not known. A clearer insight into the etching process becomes accessible when relating the calculated molar cation ratio to the total cation amount, Fig. 2 (bottom) . The rst part of the etching prole with ultrapure H 2 O is mainly characterized by a high Sr content which will be addressed in detail below, followed by noise due to a strongly decreasing amount of cations in the eluate, partly even below the detection limit. This suggests that only a certain near-surface region of the LSC lms is watersoluble. Several conclusions can be drawn from these results: (1) a water-soluble surface phase exists on freshly prepared thin lms mainly containing Sr but also Co (the latter detected only with a low signal to noise ratio); (2) LSC is barely soluble in ultrapure water (below the ICP-OES detection limit for La (most sensitive element) in this setup -20 mg l À1 ); (3) preferential dissolution of certain cations of the main LSC phase by hydrochloric acid can be neglected due to the good agreement between on-line thin lm stoichiometry and target stoichiometry. Assuming both a laterally uniform etching process across the whole sample and a dense thin lm, one may directly transfer the total cation amount into a thin lm depth. For the given example, however, the prerequisite of high density is not fullled, see below.
In order to verify that the Sr amount found on the surface is independent of the etching rate and that the amounts determined for ultrapure H 2 O are reasonable, another measurement series was conducted: four freshly deposited 450 0.4 thin lms were etched right from the start using 0.006 mol l À1 HCl, 0.012 mol l À1 HCl, 0.024 mol l À1 HCl or ultrapure H 2 O, which was exchanged by 0.012 mol l À1 HCl aer 240 seconds. In Fig. 3 the amount of Sr found by ICP-OES is plotted against the total cation amount. Linear extrapolation from the range of 15 to 30 nmol to zero cation amount revealed a surplus amount of Sr on the surface. The inset in Fig. 3 illustrates that very similar strontium enrichment at the surface, between 1.37 and 1.50 nmol, results for different eluents. Integration of the Sr amount removed from the surface by ultrapure water leads to 1.50 nmol. Hence, all values coincide excellently and pure H 2 O can indeed be used to quantify a Sr rich surface phase without dissolving signicant amounts of the LSC bulk phase. Based on these results all subsequent ICP-OES measurements were performed using ultrapure water as the etching reagent in the beginning, before switching to diluted hydrochloric acid, thus enabling us to separate information on the Sr-rich surface phase from data on LSC bulk material.
3. Owing to problems during photolithography some additional thin lms had to be prepared for the impedance measurements and their thickness was once again determined by DHM. It was not possible to give unambiguous statements on the thin lm porosity based on FESEM images, as grain boundaries between the columnar grains are barely distinguishable from cracks and pinholes, see Fig. 4 . Nevertheless, the visual impression suggested a denser packing of the grains for the 450 0.04 thin lms compared to the 450 0.4 thin lms. The diameter of the LSC columns growing on the substrate surface was estimated from AFM images (Fig. 5) and results, together with the roughness, are summarized in Table 1 . The column diameter increases with increasing lm thickness particularly for 450 0.4 thin lms, where additionally some protruding grains were found. Fig. 7 . It can be seen that the Sr was removed by ultrapure water levels aer a few ten seconds and the value aer 320 seconds (dashed line in Fig. 7 ) was taken as the total amount of strontium extracted by H 2 O, i.e. before HCl was added. Results are summarized in Table 2 . It is very obvious that for lms deposited at 0.4 mbar the Sr amount strongly increases with thickness; between 19.3 nm and 79.6 nm the increase is almost proportional to the lm thickness. For lms deposited at lower oxygen partial pressures, the variation of Sr amount with lm thickness is much smaller, and except for the largest thickness even almost negligible. Differences between the projected and surface area (Table 1) caused by roughness can denitively not explain these differences which therefore deserve further interpretation.
Assuming that the water soluble Sr-enriched phase is homogeneously distributed on the LSC surface it can be expected that the dissolved amount scales with the surface area accessible to the eluent. For lms with a porous microstructure the accessible surface area increases with the thickness as long as pores are not closed. We therefore suggest that the much larger Sr amount indicates a six-fold larger surface area for the 167.5 nm thick lm in comparison to the thinnest 450 0.4 lm.
The almost constant Sr amount of 450 0.04 layers, on the other hand, suggests dense lms for lower deposition pressures.
Hence, we conclude that ca. 0.4 nmol Sr exist on a thin lm with the lateral dimensions of 0.5 Â 0.5 cm 2 .
Based on these considerations it becomes possible to estimate the thickness of the Sr-rich surface phase, provided it homogeneously covers the entire LSC surface. Different heterogeneously or uniformly distributed Sr-rich phases (e.g. SrO, Sr(OH) 2 , SrCO 3 ) were already proposed. 6, 7, 12, 13 In the case of a dense SrO layer covering the entire LSC surface, 0.4 nmol Sr would correspond to 0.32 nm SrO, i.e. 1.2 atomic layers. However, the result could also be interpreted as chemical dissolution of a terminating layer of pure SrO. Assuming the same amount of Sr segregates per area in the case of 450 0.4 layers, our results suggest true surface areas (accessible by the solute) which are increased due to porosity by a factor of 1.2 for the 19 nm lm to 8 for the thickest lm, compared to the geometrical sample area. This, however, should also lead to signicant differences of the polarization resistances and the corresponding measurements are shown in Section 3.3.
As mentioned earlier, also traces of Co were found in the ultrapure H 2 O eluate, which suggests that Co is either part of the water soluble Sr-rich phase or forms a second water-soluble phase on top of LSC. Further experiments are planned involving an ICP-MS system, since the sensitivity of the ICP-OES system is not sufficient to make reliable quantitative statements about the low concentrations of Co (<0.5 mg l
) in the H 2 O eluate. Regarding the etching step in HCl, dense thin lms suffered from noisy depth proles, while porous thin lms allowed qualitative insights into the rst 10 nm of the LSC bulk due to the increased surface area -yielding more cations for detection. In Fig. 6 , a slight depletion of strontium is found in the near surface region of LSC, removed by 0.006 mol l À1 HCl acid, which however by far does not correspond to the amount of strontium etched off in the beginning by H 2 O. Hence, larger parts of LSC have to be involved in Sr segregation during PLD preparation, which is possible due to sufficiently high cation diffusion coefficients in these thin lms, particularly along grain boundaries. 18 Another feature is Co depletion close to the surface accompanied by La enrichment thus suggesting a nearsurface A-site enrichment (Sr + La)/Co in accordance with XPS measurements. 13 However, it should be noted that for all thin lms the expected LSC stoichiometry is observed aer the rst 20 nmol of the total cation amount.
Electrochemical LSC performance investigated by impedance spectroscopy
AC impedance measurements were carried out on microelectrodes of 200 mm diameter, micro-structured by photo-lithography and chemical etching. Several impedance spectra were recorded for each sample to verify reproducibility. Representative spectra are shown in Fig. 8 , normalized to the nominal (projected) electrode area. The high frequency intercept (>250 kHz) of ca. 3.5 U cm 2 found for most impedance spectra can be attributed to oxide ion conduction in the YSZ bulk. Slight differences of the intercept most probably originate from temperature variations between measurements, since samples were heated only from the bottom and the set temperature deviates from the true electrode temperature. Using an Arrhenius-type equation it is rather possible to determine the actual temperature directly at the microelectrode from the YSZ bulk resistance, provided the ionic conductivity of YSZ is known as a function of temperature. 28 The larger frequency intercept value of the 19.3 nm 450 0.4 thin lm can be attributed to an increased electronic sheet resistance in LSC. The position of the arc or plateau in the medium frequency range from 250 kHz to 1 kHz varied strongly between the different samples, similar to earlier studies on mixed conducting electrodes. 29 As it is barely affected by long-term annealing experiments at 550 C and not responding to LSC surface treatments, 12 it is assumed to originate from the O 2À transfer across the LSC/YSZ interface, possibly including a contribution of O 2À transport through the LSC bulk. At lower frequencies (1 kHz to 0.1 Hz) the shape of the impedance spectra became semicircle-like for all thin lms and could be tted to a parallel R-CPE-element (CPE ¼ constant phase element with exponential tting parameter n > 0.95). The resistive element R is attributed to the complex oxygen surface exchange reaction (R surface exchange ) as it is sensitive to surface treatments and increases at low oxygen partial pressures, cf. Table 2 . capacitor for thinner lms. The 450 0.04 thin lms, on the other hand, show only small variations of the surface resistance, particularly between 19.4 and 68.5 nm thicknesses but a change in the peak frequency. This is in accordance with little or no porosity concluded from ICP-OES measurements. A more detailed comparison of Sr amount and surface exchange resistance is given in the following.
Comparison of Sr amount and electrochemical properties
In thin lms and both can be explained by porosity and thus a true surface area depending on the thickness: The larger the thickness (and the true surface area) the larger the inverse surface polarization resistance and the total amount of surface Sr. However, this does not necessarily mean that the entire 450 0.4 lms are porous.
Rather, preliminary high-angle annular dark eld (HAADF) measurements (Fig. 11 ) of the region close to the YSZ|LSC interface suggest density variations perpendicular to the interface. 32 The intensity of the observed signal depends on the specimen thickness, atomic number and density. In our case, all factors except for the density are assumed to be rather constant over the lm thickness. The data therefore indicate a denser lm (<23 nm) close to the YSZ interface. High resolution images of our lms (Fig. 12) and also of similar LSCF lms 
with b 0 being the Sr amount on a dense layer (nominal electrode area of this study) and y representing the total lm thickness. The t line is given in Fig. 10a in the SZM, where only limited surface diffusion of deposited particles takes place. 22 At higher oxygen partial pressures, more particle collisions occur during deposition, causing an increased angle distribution of decelerated incoming particles, which amplies shadowing effects for the 450 0.4 thin lms and thus results in an increased porosity. 35 Pores can be expected to form at a certain roughness of the lm but not from the very beginning of the lm growth, see Fig. 12 .
Based on these results we can also further interpret the very low polarization resistance of low temperature deposited LSC lms reported in ref. 27 (0.1 U cm 2 for a 200 nm thin lm at 600 C set temperature). In contrast to the rst impression, those lms were most probably porous since the same deposition parameters were applied and the same electrochemical properties were observed as in this study. Such an assumption is also in accordance with the systematic investigation of LSCF thin lm growth on YSZ substrates at different substrate temperatures and gas pressures. 22 Hence, differences in electrode resistance between 40 and 200 nm thin lms in ref. 27 can rather be attributed to different electrode surface areas than to surface chemistry variations. In accordance with the estimated surface area increase of a 200 nm lm, the polarization resistance related to the true surface area has to be corrected to ca. 0.5 U cm 2 at 600 C set temperature (instead of 0.1 U cm 2 ).
It is nally worth mentioning that the polarization resistance of a LSC lm measured at 600 C is not altered when removing the surface Sr by ultrapure water. This, however, is simply caused by the fact that during heating and thermal equilibration (1 h at 600 C), before the impedance measurements are started, water soluble Sr is again formed. Quantication by ICP-OES even showed that this newly formed amount of Sr is almost identical to that found for freshly prepared PLD layers. This suggests that already at rather low temperatures and short annealing times a surface reconstruction takes place which leads to the water soluble Sr surface phase.
Conclusions
By means of an improved on-line in situ etching procedure with subsequent ICP-OES analysis using different eluents, a water soluble Sr-rich surface phase was found on top of La 0.6 Sr 0.4 CoO 3Àd (LSC) thin lms, together with traces of Co. Assuming a dense SrO layer, the ca. 0.4 nmol Sr per 0.25 cm 2 found for low pressure (0.04 mbar) deposited lms corresponds to 1.2 atomic layers covering the whole LSC surface. For thin lms deposited at higher oxygen partial pressures (0.4 mbar) the water soluble Sr amount strongly increased with increasing lm thickness. This was related to the effective porosity and thus to an increased surface area of thicker lms. The inuence of this porosity on the surface exchange resistance could be quantied by combining impedance spectroscopy measurements and ICP-OES. It was possible to relate the results of the electrochemical measurements to the true surface area. The lowest surface exchange resistance of LSC seems to be approximately 0.5 U cm 2 at 550 C. The dependence of the electrochemical performance of LSC thin lms on the oxygen partial pressure during deposition was thus shown to be partly caused by microstructural differences, i.e. effective porosity.
